Different ratios of fine-(FL) and coarse limestone (CL) were compared (50FL:50CL, 30FL:70CL, 0FL:100CL) in conventional (C) and split feeding (S) for their effects on performance, egg quality traits, and bone quality of old, brown laying hens (72 to 83 wk). Each treatment consisted of 42 hens (7 hens × 6 replicates). In the C system diets supplemented with limestone were provided during the whole day, whereas in the S system a morning diet was fed without added limestone, and only the afternoon diet was supplemented with different limestone ratios. Highest laying %, egg mass, and lowest feed conversion were found in the C system with 50FL:50CL and 0FL:100CL and in the S system with 30FL:70CL between 76 and 79 wk (P ≤ 0.001). Reduced cracked egg % was found when 0FL:100CL was supplemented in the C system and 30FL:70CL in the S system between 72 and 83 wk (P ≤ 0.001). Tibia ash content was higher in the S system compared to the C system (P = 0.005); tibia breaking strength, however, did not differ between feeding systems. Egg quality traits were not improved by S feeding. However, at 83 wk, S feeding resulted in higher breaking strength, but lower shell thickness compared to the C system (P = 0.036, P ≤ 0.001, respectively). Therefore, hens in the S feeding system might have been able to form a structurally superior shell compared to the C system. For further investigation, instead of restricting limestone supplementation solely to the afternoon, it might be a better approach to provide FL and CL at a different time of the d in a split feeding system to improve shell quality in old, brown laying hens in an extended production cycle.
INTRODUCTION
Several studies on particle size and solubility of calcium (Ca) sources for laying hens have been performed to determine the effects on egg quality and production and to find the most optimal ratio of fine and coarse particles of Ca sources in layer diets (Keshavarz and Scott, 1993; Lichovnikova, 2007; Pelicia et al., 2009a) . It has been suggested that incorporation of coarse particles of limestone or oyster shell in the diet is beneficial when these particles have low in vitro solubility, suggesting a longer retention time in the gizzard. The longer the retention of coarse particles, the slower the Ca release and the higher the availability for absorption (Zhang and Coon, 1997a) . Because the eggshell is formed mostly during the dark h (Bar, 2009), providing coarse limestone particles as Ca source during the afternoon could improve the utilization of this mineral and C 2016 Poultry Science Association Inc. Received June 16, 2016 . Accepted October 26, 2016 Corresponding author: evelyne.delezie@ilvo.vlaanderen.be possibly the quality of the eggshell, thus reducing the amount of Ca mobilized from bone reserves (SaundersBlades et al., 2009) .
Furthermore, Keshavarz (1998a) suggested that feeding hens one diet during the d might not be the ideal approach for layer nutrition. In a so-called split feeding system, hens receive a different diet in the morning vs. afternoon. The morning diet meets the requirements of early phases of egg formation and the afternoon diet supports shell formation. Some of the studies investigating split feeding systems have focused on improving egg quality of younger hens by adjusting Ca and P content in the morning and afternoon diets (Waldroup and Hellwig, 2000; Ahmad and Balander, 2003) . Others focused instead on reducing the birds' need for specific nutrients by supplying these (amino acids, phosphorus (P) and Ca) only when required for egg formation (Keshavarz, 1998b; De los Mozos et al., 2014) .
Recently, there has been an increasing interest and tendency to keep hens longer in production, i.e. until 80 to 90 wk of age. A split feeding system may offer partial solutions for the problems of egg quality from older layers. Laying rate starts declining after 60 wk of age due to the large variation in clutch length between hens (Thiruvenkadan et al., 2010) . This decline in production is accompanied by a deterioration in egg quality: variability among eggs becomes higher and breakage during collection and transport becomes more likely (Dunn, 2013; Molnár et al., 2016) . The feeding systems for old hens, therefore, need to be optimized in order to be able to overcome the negative effects of age on egg quality. In literature, only few published experiments have been done with non-molted hens older than 70 weeks. Because hen age is an important factor in the bird's ability to utilize Ca from dietary sources, more experiments with older laying hens must be conducted before their nutritional requirements during the last phase of lay can be determined. The objective of our study was (1) to examine whether split feeding could be used as an alternative system to improve egg quality in an extended laying cycle and (2) to compare the effects of providing different ratios of fine and coarse limestone in conventional and in split feeding systems on production, egg quality traits, and bone parameters of old laying hens.
MATERIALS AND METHODS

Birds
All experimental procedures used in this experiment were in compliance with the European guidelines for the care and use of animals in research (Directive 2010/63/EU). A total of 252 Lohmann Brown Classic laying hens (72 to 83 wk of age) were used in the experiment. Birds were housed in enriched cages (n = 7/cage) equipped with a laying nest and a perch. Hens received 16 h of light/day, from 4:30 to 20:30. Water was available ad libitum.
During a 2-week pre-experimental period (70 to 72 wk), all laying hens received a corn-soybean based standard diet that contained 4.25% Ca provided as 1/3 fine and 2/3 coarse limestone. Feed intake, daily egg production, the number of cracked eggs, and mortality were recorded. Internal and external egg quality also was assessed for a total of 72 eggs (2 eggs/cage).
Treatments
Hens were distributed into the different treatments according to their performance during the preexperimental period in order to create homogenous treatment groups. The experiment consisted of 6 treatments (Table 1) with 2 feed distribution strategies: conventional (C) and split (S), and 3 ratios of fine limestone (FL) and coarse limestone (CL) in the diet (50FL:50CL, 30FL:70CL, 0FL:100CL). These ratios are referred to below as 50CL, 70CL, and 100CL, respectively. Each of the 6 treatments was repeated 6 times. The main difference between the C and S feed distribution was the moment of limestone supplementation. In the C treatments a diet with limestone in different ratios was provided during the whole day, from 4:30 to 20:30. In the S system a morning diet without limestone was fed from 7:30 to 14:30, and an afternoon diet with limestone in different ratios was provided from 14:30 to 20:30. This afternoon diet in the split system was also available to the hens from 4:30 when lights were switched on until the first feed distribution at 7:30 ( Figure 1 ).
In total, 7 formulated diets were applied: 3 conventional for the C system, one morning and 3 afternoon diets for the S system. To offer the same daily amount of nutrients in the C and S systems, a base feed (80%) without limestone and without whole wheat (10%) was formulated. For the diets in the C treatments the base feed was supplemented with limestone in 3 different ratios, i.e., 50FL:50CL, 30FL:70CL, 0FL:100CL, and 10% whole wheat. Below, these are referred to as C 50CL, C 70CL, and C 100CL. In the S treatment, the morning feed consisted of the above-mentioned base feed supplemented with 20% whole wheat and 0% limestone. The afternoon diets in the S feeding system were formulated by supplementing the base feed with the 3 above-mentioned limestone ratios (referred to below as 1 n = 42 hens/treatment, 6 cages as repetitions, 7 hens/cage. 2 In the conventional system, hens received the same diet throughout the d, whereas in the split system a different diet was fed in the morning than in the afternoon. C = conventional system; all treatments received the same feed in the morning and in the afternoon, both with supplemented limestone. S = split system in which treatments did not receive any added limestone in the morning, limestone in the different ratios was fed only in the afternoon. 3 Distributed at 3 h after lights on (7:30). 4 Distributed at 10 h after lights on (14:30). Figure 1 . Diets 1-2-3: These diets were provided in the conventional feeding system during the whole day from 4:30 to 20:30, and differed in the supplemented fine and coarse limestone ratios. * Diet 7: A diet without added limestone fed in the morning (from 7:30 to 14:30) in all split feeding treatments. Diets 4-5-6: These diets were provided in the split feeding system only in the afternoon from 14:30 to 20:30 and were also available from 4:30 when lights were switched on, to 7:30 when morning feed (Diet 7) was distributed. These diets differed in the supplemented fine and coarse limestone ratios. S 50CL, S 70CL, and S 100CL, respectively). The calculated Ca content of the supplemented FL and CL was 38% Ca.
For feed ingredients and the calculated nutrient composition, see Table 2 . Diets were balanced to meet the nutrient requirements of laying hens using Lohmann recommendations for the breed (Lohmann Brown Management Guide, 2013) . Hens in both systems were offered 126 g/d feed: Hens in the C system received their entire daily portion in the morning at 7:30 (3 h after lights on); all S groups received 50% of the daily portion in the morning at 7:30 (3 h after lights on) and 50% in the afternoon, at 14:30 (10 h after lights on).
Measurements
Feed intake was measured twice daily as the difference between feed distributed and feed left over. The number and weight of the eggs produced, the number of cracked and shell-less eggs, and hen mortality were recorded per enriched cage daily throughout the experiment. Laying %, egg mass, and feed conversion were calculated based on data of 3 4-week periods (72 to 75, 76 to 79, and 80 to 83 wk of age). Production was calculated on the basis of hen days.
Body weight was recorded at the start and end of the experiment. Feather cover was scored on a biweekly basis to monitor birds going through molting. Three scores were used to describe dorsal plumage cover: 0 = good condition, 1 = moderate back coverage indicating some missing feathers, and 2 = uncovered back (no feathers). The number of birds per cage per score was recorded and percentage of hens was calculated per score per treatment.
At the end of the experiments, tibia breaking strength (N), tibia ash (%), and tibia Ca content (%) were determined. From every treatment, 10 laying hens were selected: 2 hens from 5 replicates. Samples were stored at -20
• C pending analysis. For the determination of breaking strength, the left tibias were first thawed and boiled for 30 min to remove all tissue and muscle. The bones were then dried in an oven for 16 h at 100
• C. Breaking strength was measured using a Versa device equipped with a 1,000 N load cell. The force was applied to the midpoint of each tibia with 2 cm distance between the 2 fixed points supporting the bone. The crosshead speed was 100 mm/min throughout the measurements. For the tibia ash and Ca content analysis, right tibia samples were first dried in an oven for 24 h at 103
• C, then weighed and ashed, and ash and Ca content were expressed in % of whole tibia.
Feed samples were analyzed for nitrogen using the Kjeldahl method as specified in the ISO 5983-2 (2009) standard. Crude fat content was determined as described in the ISO 6492(B) (1999) standard. Crude fiber content was determined as described in AOCS (2001), and ash content was determined according to the ISO 5984 (2002) standard. Feed samples also were analyzed for Ca by titrimetric method (ISO 6490, 1985) , for phytate P using the method of Haugh and Lantzsch (1983) , and for total P by spectrometric method (ISO 6491, 1998) . Particle size of the FL and CL and the particle size of the diets were analyzed: 3 subsamples of 100 g were sieved (ASAE Standard, 1994) . Solubility of FL and CL was determined according to the method of Zhang and Coon (1997b) with a modification of using a water bath that oscillated at 50 to 60 Hz.
Egg quality assessment
Egg quality was assessed for 30 eggs per treatment at the end of every biweekly period on 2 consecutive d at 73, 75, 77, 79, 81 , and 83 wk of age. From every treatment, 5 eggs were collected per replicate (5 × 6). Internal quality of eggs (Haugh unit and yolk weight) was analyzed on a monthly basis (at 75, 79, and 83 wk of age).
After collection, eggs were stored at 10 • C for 12 h pending analysis. Egg quality assessment protocol included the following measurements in chronological order: resonant frequency in Hz (RF), egg weight in g, width and length in cm, deformation in mm, breaking force in N, albumen height in mm, yolk and shell weight in g, and shell thickness in μm. RF was determined using the acoustic egg tester, and dynamic stiffness (K dyn ) was calculated based on the method of Coucke et al. (1999) . Length, width, and shape index of each egg was determined as described by Altuntas and Sekeroglu (2008) . Deformation and breaking strength were measured using an Instron Universal Testing Machine equipped with a 50 N load cell (model 2519-102) and supported by Bluehill 2 software. Deformation was measured at 3 different places around the equator of the egg by compressing the egg between 3 flat platens with a constant crosshead speed of 5 mm/min, and the average value was calculated. Deformation was determined as the amount (in mm) the eggshell bent under 10 N force. Breaking strength was measured as described by Dunn et al. (2005) . Shell weight and thickness were determined with membranes intact. Shell thickness was determined on 3 pieces taken from the equator of the egg using a manual micrometer and the average of the 3 values was calculated. Haugh unit was calculated using the formula HU = 100 × log (h-1.7w 0.37 + 7.6) where h = height of the albumen and w = egg weight in g (Monira et al., 2003) . The height of the thick albumen was measured with a QCT device of Technical Services and Supplies, York, England. Surface area (SA) of the eggs and shell index were calculated as described by Sauveur (1988) .
Statistical Analysis
Data was analyzed using Statistica 12.0 (Statsoft Inc., Tulsa, OK,, 2012) software and R 3.1.0 (R Foundation for Statistical Computing, Vienna, Austria). Performance and egg quality parameters were analyzed by a linear mixed model with feeding system, limestone ratio, and their interaction as the fixed factor and cage number (repetition) as random factor. All treatments were evaluated per 3 periods (73 to 75 wk, 76 to 79 wk, and 80 to 83 wk) for the performance traits. For egg quality traits, data were analyzed per 4 periods: at 73 to 75 wk, 77 to 79 wk, 81 wk, and at 83 wk of age. As previous data analysis revealed, there were no differences in egg quality between 73 and 75 wk of age and between 77 and 79 wk of age; data of 73 and 75 wk were pooled and analyzed as one period. The same applies for data at 77 and 79 weeks. At 83 wk of age, however, considerable changes were observed compared to 81 wk of age. Therefore, these datasets were not pooled.
Change in feather condition of hens was analyzed using a linear mixed model with the lmer function of lme4 package in R, with age, feeding and limestone ratio as categorical variables, and cage number as random factor in the model. Mortality data were analyzed using a logistic regression model with the glm function of lme4 package in R, to express probability of mortality per treatment.
The analyzed data (except mortality) were considered sufficiently normally distributed, based on the graphical evaluation (histogram and QQ-plot) of the residuals. Tukey's HSD test was used as a post-hoc test to determine significant differences between the treatments. Significance was declared at P ≤ 0.05.
RESULTS
Calcium and Phosphorus Intake in the Experimental Treatments
Based on the Ca and P content of the diets (Table 3) and the average daily feed intake per treatment, Ca and P intake were calculated (Table 4 ). An interaction effect of feed distribution and limestone ratios was observed on both Ca (P ≤ 0.001) and P intake (P ≤ 0.001). In the C system, daily Ca intake significantly increased, as the ratio of coarse limestone increased in the diet. In contrast, in the S system, supplementing 50 or 70% CL did not result in a different Ca intake, but when 100% CL was provided, Ca intake significantly decreased. In general, hens in the S system consumed more Ca than those in the C system. Daily P intake of hens was higher in the C 70CL treatment (P ≤ 0.001) compared to all the other dietary treatments. A significantly lower P intake was observed in S 50CL and even lower intake was noticed in S 70CL, S 100CL, and C 100CL. The lowest P intake was found in treatment C 50CL. 1 C = conventional system; all treatments received the same feed in the morning (3 h after lights on) and in the afternoon (10 h after lights on), both with supplemented limestone. S = split system in which treatments did not receive any added limestone in the morning; limestone in the different ratios was fed only in the afternoon.
2 CL = coarse limestone. 50CL = 50% coarse limestone combined with 50% fine limestone. 70CL = 70% coarse limestone combined with 30% fine limestone. 100CL = 100% coarse limestone. 3 Ca and P intake were both calculated based on the analyzed nutrient content of the experimental diets and the average feed intake of hens during the experiment.
a-e Values without a common superscript differ significantly (P ≤ 0.005)
Calcium Content, Particle size, and Solubility of Limestone Sources
The analyzed Ca content was 40.2% Ca in FL and 40.7% Ca in CL. In vitro solubility was 99.3 and 76% for FL and CL, respectively. The particle size distribution of the FL and CL are shown in Table 5 . Average particle size was 0.25 mm and 2.05 mm for FL and CL, respectively. The percentage of particles smaller than 0.3 mm was 87.49% in the FL, whereas in the CL only 2.17% of the particles had a diameter smaller than 0.3 mm. The percentage of particles ranging between 1.18 and 2.36 mm in size was 1.47 and 93.4% for FL and CL, respectively. 
Particle size of the Experimental Diets
In most diets, a higher ratio of CL in the diet resulted in a higher average particle size of the feed. The only exception was C 50CL, in which average particle size was higher than in the diet with C 70CL, caused by a higher ratio of particles between 1.18 and 4.75 mm in C 50CL (Table 6 ).
Performance
Performance results are presented per period (72 to 75 wk, 76 to 79 wk, and 80 to 83 wk of age) in Table 7 . In the 2-week pre-experimental period, performance did not differ significantly between the groups (data not shown). Mean laying percentage was 88.7%, mean egg weight was 66 g, and mean feed conversion was 2.036.
Experimental Period Feed intake (FI) of hens was affected by an interaction of feeding system and limestone ratio (P ≤ 0.001) in the first period (at 72 to 75 wk). Highest FI was observed in the C system when 70CL and 100CL were fed. The C 50CL treatment resulted in lower FI than other ratios in the C system, while in the S system further significant reduction was noticed when feeding the same ratio (S 50CL). The 1 C = conventional system; all treatments received the same feed in the morning (3 h after lights on) and in the afternoon (10 h after lights on), both with supplemented limestone. S = split system in which treatments did not receive any added limestone in the morning; limestone in the different ratios was fed only in the afternoon.
2 50CL = 50% coarse limestone combined with 50% fine limestone. 70CL = 70% coarse limestone combined with 30% fine limestone. 100CL = 100% coarse limestone. a-d Values without a common superscript differ significantly (P ≤ 0.005).
lowest FI was observed in the S 70CL and S 100CL treatments. In the next period (76 to 79 wk) no differences were found in FI of hens in the C system. The C 70CL and C 100CL treatments resulted in higher FI compared to their equivalent treatments, S 70CL and S 100CL (P ≤ 0.001). At the 50CL supplementation level (C 50CL and S 50CL) FI did not differ between feeding systems. During the last period (80 to 83 wk), the supplementation of 100CL in the C system resulted in significantly higher FI compared to C 50CL and to all treatments in the S system. Feeding C 50CL and C 70CL resulted in an FI comparable to the S 50CL treatment. Within the S distribution system, FI in S 70CL was significantly lower compared to S 50CL and S 100CL. During the whole experiment (72 to 83 wk), morning FI and afternoon FI were both affected by a significant interaction of feeding system and limestone ratio (P ≤ 0.001). Hens in the C system fed 70CL and 100CL consumed significantly more feed in the morning (80.84 and 81.89%, respectively) and less feed in the afternoon (19.16 and 18.11%, respectively) compared to C 50CL (75.14 and 24.86%). Furthermore, in all S treatments, morning FI was lower and afternoon FI was higher compared to all C treatments. Hens consumed equal amounts of feed in the morning (50.08%) and afternoon (49.92%) in the S system. Laying % was affected by feeding system (P = 0.01) and limestone ratio (P ≤ 0.001) in the first period (72 to 75 wk): It was higher in the C system (88.8%) compared to the S system (83.6%). Furthermore, hens receiving 100CL had significantly higher laying % (88.6%) than those receiving the ratio 50CL (83.8%). In the next period (76 to 79 wk) a significant interaction was observed (P ≤ 0.001): C 100CL resulted in significantly higher laying % compared to C 70CL, S 50 CL, and S 100CL. Within the S system, supplementing 100CL negatively influenced laying % and resulted in significantly lower production compared to the supplementation of 50CL and 70CL. In the last period (80 to 83 wk) a considerable decrease was observed in laying % in all treatments compared to the previous periods. However, laying % of hens was higher in the C system (81.5%) compared to the S system (77.6%) (P = 0.002).
Egg weight was affected by an interaction of feeding system and limestone ratio (P = 0.004) in the first period (72 to 75 wk): Feeding S 70CL and C 100CL resulted in a significantly lower egg weight compared to the S 50CL treatments. Egg weight in C 100CL was also significantly lower compared to the other treatments (50CL and 70CL) in the C system. In the following period (76 to 79 wk) there was only a significant limestone ratio effect, resulting in a higher egg weight for the 50CL fed hens (P ≤ 0.001) compared to the other ratios. In the last period (80 to 83 wk) egg weight was affected differently by limestone ratios in both feeding systems (P = 0.033). S 50CL resulted in a significantly higher egg weight compared to S 70CL, C 70CL, and C 100CL. Within the C system, egg weight did not differ between limestone ratios and was also comparable with the egg weight from S 70CL hens.
Egg mass was affected by feed distribution (P ≤ 0.001) and limestone ratio (P = 0.023) in the first period (72 to 75 wk): Hens in the C system had a higher egg mass (58.8 g) compared to hens in the S system (55.4 g). In addition, supplementation of 100CL resulted in a higher egg mass (58.2 g) than feeding 50CL (55.8 g). In the next period (76 to 79wk), due to a significant interaction effect (P ≤ 0.001), the highest egg mass was observed in C 100CL and S 70CL. A significant reduction was noticed in C 70CL and S 100CL. In the last period (80 to 83 wk), only feed distribution affected egg mass (P = 0.007): It was higher in the C (54.2 g) compared to the S system (51.9 g), an observation comparable to the first period.
FCR of hens was affected by feeding system (P = 0.003) and limestone ratio (P = 0.004) in the first period (72 to 75 wk): Hens in the C system had a lower FCR (2.160) compared to hens in the S system (2.276). Feeding 50CL resulted in significantly higher FCR (2.301) compared to the ratios 70CL and 100CL (2.191, 2.155, respectively). In the following period (76 to 79 wk), an interaction effect was found (P ≤ 0.001):
Within the C system, hens receiving 70CL had a significantly higher FCR compared to those fed 50CL or 100CL. However, in the S system, treatment S 70CL resulted in significantly lower FCR compared to S 100 CL. In the last period (80 to 83 wk), only feed distribution affected FCR (P = 0.002): As in the first period, hens in the C treatment groups had a lower FCR (2.359 kg/kg) compared to those in the S system (2.582 kg/kg).
Cracked egg % was affected by an interaction between limestone ratio and feed distribution system in all periods of the experiment (P ≤ 0.001). In the first period (72 to 75 wk), C 100CL had a significantly lower cracked egg % compared to C 70CL as well as S 50CL and S 100CL. Within the S system, S 70CL resulted in the lowest percentage of cracked eggs. In the next period (76 to 79 wk), within the C system no differences were found in cracked egg %. Within the S system, S 70CL resulted in significantly lower cracked egg % compared to the other ratios, similar to the first period. Among all treatments, highest cracked egg % was observed in S 50CL, S 100CL, and C 70 CL. In the last period (80 to 83 wk), comparable results were found as in the previous periods: Cracked egg % was highest in S 50CL, and S 100CL and lowest in treatment C 100CL. All other dietary treatments shared a similar cracked egg % that was located between those extreme values ( Table 7) .
Incidence of shell-less eggs was low during the experiment, ranging between zero to 0.53, 0.27 to 0.66, and 0.17 to 1.36% in the first, second, and last periods, respectively. No effect of feeding system, limestone ratio, or interaction was found (data not shown).
Mortality % did not differ significantly between dietary treatments and ranged between zero to 14.3% (data not shown). The highest mortality (14.3%) was due to higher mortality in one cage in the S 70CL treatment.
Feather Cover and Body Weight
Percentage of hens with intact feather cover (score 0) decreased as hens aged (P ≤ 0.001; Figure 2a ) . No significant effect of feeding system (P = 1.0), limestone ratios (P = 0.43), or the interaction of these main factors was observed (P = 0.28). Percentage of hens with moderate feather coverage (score 1) was not affected by age between 70 and 82 wk (data not shown). During this period, the only significant effect found was from different limestone ratios (P = 0.019): 30.61% of hens fed 100CL had a moderate plumage condition (score 1), whereas in the groups receiving 70CL, this ratio was higher, 38.56. Percentage of hens with uncovered back (score 2) increased as hens aged (P ≤ 0.001, Figure 2b ), but the effect of feeding system (P = 0.073), limestone ratio (P = 0.610), and their interaction was not significant (P = 0.64).
Body weight of hens did not differ significantly between treatments at start or end of the experiment: Mean body weight was 1.88 kg at 71 wk of age, and at 83 wk, hens weighed on average 1.94 kg.
(a) (b) Figure 2 . Effect of feed distribution and limestone ratio on plumage condition of brown laying hens between 70 and 82 wk of age. At 70 wk, in the pre-experimental period, all hens received the same diet. Feather cover scores were used to describe the dorsal plumage cover: 0 = good condition, 1 = moderate back coverage indicating some missing feathers, and 2 = uncovered back (no feathers). The number of birds per cage per score was recorded and percentage of hens was calculated per score per treatment. C = conventional system, S = split system. 50CL = 50% coarse limestone combined with 50% fine limestone; 70CL = 70% coarse limestone combined with 30% fine limestone; 100CL = 100% coarse limestone.
Egg Quality
Pre-Experimental Period During the pre-experimental period, no significant differences in eggshell quality were observed among all experimental groups (data not shown). Mean relative shell weight was 11.83%, shell thickness was 421.39 μm, dynamic stiffness was 158.5 kN/m, and Haugh unit was 75.3.
Experimental Period Width and length of eggs did not differ between treatments until 81 wk of age. At 83 wk however, width and length of eggs produced in the C system were lower compared to those in the S system (P = 0.036 and P = 0.040, respectively). However, shape index and surface area of eggs were not affected by dietary treatments between 73 and 81 wk of age (data not shown). At 83 wk, however, a significant effect of feeding system was observed: Surface area of eggs in the C system was lower (76.35 cm 2 ) compared to the S system (78.01 cm 2 ) (P = 0.011). These results correspond to the effects found on width and length of eggs.
Result of the shell quality assessment is presented per treatment in Figure 3 . Relative shell weight (%) was not affected by feeding system, limestone ratio, nor by their interaction in the first period (73 to 75 wk). In the second period (76 to 79 wk), however, feeding system significantly affected shell weight: Eggs in the C system had a lower shell weight (11.05%) compared to those in the S system (11.44%) (P ≤ 0.001). At 81 wk no differences were found between treatments. At 83 wk of age, due to an interaction effect of feeding system and limestone ratios (P ≤ 0.001), relative shell weight of eggs in the C system fed 50CL limestone ratio was higher compared to that fed the same ratio in the S system. Within a feed distribution system, no differences were found between the 3 limestone ratios. Shell index (g/100 cm 2 ) of eggs was affected by limestone ratio at 73 to 75 wk of age: Hens receiving 50CL produced eggs with higher shell index (9.912 g) compared to those fed 70CL (9.627 g) (P = 0.014). At 76 to 79 wk, significant differences were found between feeding systems: Shell index was lower in the C system (9.470 g) compared to the S system (9.853 g) (P ≤ 0.001). At 81 wk no differences were observed between treatments. At the end of the experiment (83 wk), an interaction was noticed, when shell index in the C 50CL treatment was lower than in all the other treatments (P ≤ 0.001). No difference in eggshell thickness between dietary treatments was observed until 83 wk of age (in the first 3 periods). At 83 wk of age, however, feeding system signifi- Figure 3 . Shell quality traits as affected by feed distribution and limestone ratio per period in brown laying hens between 73 and 83 wk of age. C = conventional system in which treatments received the same feed in the morning (3 h after lights on) and in the afternoon (10 h after lights on) both with supplemented limestone. S = split system in which treatments did not receive any added limestone in the morning; limestone in the different ratios was fed only in the afternoon. CL = coarse limestone. 50CL = 50% coarse limestone combined with 50% fine limestone; 70CL = 70% coarse limestone combined with 30% fine limestone; 100CL = 100% coarse limestone. A total of 60 eggs were analyzed per treatment at 73 to 75 and 77 to 79 wk, and 30 eggs at 81 and 83 weeks.
abc Values without a common superscript differ significantly (P ≤ 0.05). * P ≤ 0.05, * * * P ≤ 0.001. cantly affected shell thickness (P ≤ 0.001): In the S system a pronounced decrease was observed compared to previous periods, ultimately resulting in a significantly lower shell thickness in the S system (371.5 μm) compared to the C system (402.2 μm). Dynamic stiffness and deformation of eggs were not affected by feeding system, limestone ratio, nor by their interaction during the experiment. Breaking strength did not differ between treatments between 73 to 81 wk of age. However, at 83 wk of age, eggs in the C system had a lower breaking strength (36.3 N) compared to those in the S system (39.1 N) (P = 0.036).
Internal egg quality traits are presented in Table 8 . Because no interaction effects were found on these traits, only the main effects of feeding system and limestone ratios are presented. Relative yolk weight (%) did not differ between treatments during the experimental period. Between 75 to 81 wk of age, relative albumen weight (%) did not differ, but at 83 wk it was lower in the C compared to the S system (P = 0.01). Haugh unit of eggs in both systems was significantly affected by limestone ratio at 75 wk of age: Supplementation of 70CL and 100CL resulted in higher Haugh unit of eggs compared to the 50CL treatments (P = 0.003). Later in the experiment (79 to 83 wk), no differences were observed between Haugh unit of eggs in the different dietary treatments.
Bone Quality
Effect of feed distribution and limestone ratio on tibia ash, Ca content, and breaking strength in laying hens at 83 wk of age is presented in Table 9 . Tibia ash content was lower in the C feed distribution system compared to the S system (P = 0.005). In contrast, Ca content was affected differently by limestone ratios in the 2 feed distribution systems due to an interaction (P = 0.043):
The C 100CL treatment resulted in lower tibia Ca content compared to S 100CL. Ca content of tibia in the other treatments reached intermediate values without any significant differences. Tibia breaking strength was affected only by limestone ratios: In both systems, 70CL resulted in higher tibia breaking strength compared to 100CL (P = 0.015).
DISCUSSION
In this study the effects of providing different ratios of fine and coarse limestone in conventional and in split feeding systems were compared in terms of production, egg quality traits, and bone parameters of old laying hens. In the conventional system, limestone was provided in the diet during the entire d, whereas in the split system it was available only in the afternoon and was removed 3 h after lights on. The combination of an energy and protein rich diet in the morning with a Ca rich diet in the afternoon in a split feeding system was used to feed hens according to their nutrient requirements for egg formation (De Los Mozos et al., 2012) .
Effect of Limestone Solubility
The high in vitro solubility of the fine limestone (99.3%) used in this experiment indicates that probably only low amounts of this Ca source were retained in the gizzard of hens. While the powdery fine limestone provided immediately available Ca in the intestinal segments, the lower in vitro solubility of the coarse limestone (76%) might have resulted in higher in vivo solubility and longer retention in the gizzard, thus delaying the availability of Ca from this source. In the S system limestone was provided only in the afternoon. When 100% of it was fed in coarse form, adverse effects were observed: Not only cracked egg % increased but also laying rate decreased from 76 wk of age. This could be explained by the timing of the limestone supplementation: When exclusively coarse limestone was given, it was retained longer in the gizzard and possibly could not supply sufficient Ca for early shell formation. When this source was fed in the C system, such effects were not observed because 100 CL was provided during the course of the d, allowing for a more constant Ca release.
Effect of Daily Ca and P Intake
Not only did Ca and P content differ in the experimental diets, feed intake of hens also was affected by feeding system and limestone ratio, which in turn affected the groups' daily Ca and P consumption. In the C system, as the FI of hens and analyzed Ca content of the diets increased, an increase in the daily Ca intake was observed (from 5.44 to 6.0 and 6.06 g/d). Consistent with our findings, Keshavarz and Nakajima (1993) reported no adverse effect of a Ca intake of 5.85 g/d on performance of hens in a conventional feeding system. Daily Ca intake in the S system was higher (6.18 to 6.53 g/d) which can be explained by the higher analyzed Ca content in the afternoon diets in spite of the S groups' lower FI. Reduced FI in the S system could be a result of the higher daily Ca intake, as also reported by Keshavarz (1986) and Pelicia et al. (2009b) . The higher Ca intake of the S system hens, however, could not compensate for receiving the Ca rich diet late in the day. Hens in the S system fed 50CL consumed 1.08 g more Ca daily compared to hens in the C system receiving the same limestone ratio. Still, shell index and shell thickness were significantly lower in the S 50CL compared to the C 50CL treatment at 83 weeks. This clearly shows that increased Ca intake does not optimize shell quality. In contrast, Waldroup and Hellwig (2000) concluded that higher total Ca intake (5.93 g/d vs. 3.57 g/d) can improve specific gravity of the shell. However, it should be noted that in their study 3.25% Ca was provided in the morning, and Ca level was increased in the afternoon diet (6.5 vs. 3.25%), whereas in our study hens in the S system received all Ca in the afternoon. Therefore, it can be concluded that increased Ca intake in the afternoon can improve egg quality only if hens receive a minimum amount of Ca in the morning.
Higher Ca intake not only reduces FI but can also cause antagonism during the absorption of other minerals (P, Mg, Mn, Zn), decreasing their utilization (Selle et al., 2009 ). However, it cannot be stated that such adverse antagonistic effects of high Ca intake have occurred because egg quality was similar between the 2 feeding systems during the experimental period.
High daily P intake in treatment C 70CL (0.74 g) may have caused excess plasma inorganic P to inhibit skeletal release of minerals (Miles and Harms, 1982) , resulting in better bone quality as indicated by the high tibia breaking strength found in this treatment. Balander (2003, 2004) reported that reduced P level in the afternoon diet (from 0.66 to 0.53%) in a combination of 50% oyster shell in a split feeding system can improve shell specific gravity. They stated that lower P level in the afternoon diet in a combination of large particle sized Ca source can indirectly help to improve shell quality, because plasma inorganic P, if in excess, is detrimental to eggshell quality. Bone quality, however, was not assessed in their studies.
Effect of Feeding System and Limestone Ratio
The interactions found in this study highlight that not only Ca intake but also time and form of its supplementation, i.e., the feeding system, play an important role in layer nutrition. Therefore, the optimal limestone ratio to be used in practice should be carefully considered, as it is greatly dependent on the feeding system. For optimal overall performance and shell quality in brown laying hens between 75 and 83 wk of age, the results of this study suggest that a conventional feed distribution system is best used with supplementation of 50CL or 100CL (with mean particle size of 0.25 mm and 2.05 mm, respectively). Feeding 50CL and 100CL resulted in highest egg mass and lowest feed conversion; shell quality and cracked egg % in hens fed these ratios were also comparable. For the S system, feeding the 50CL and 100CL ratios only during the afternoon is not recommended. Hens fed only 50CL could probably not store sufficient limestone to supply Ca long enough during the dark h for the shell formation, whereas hens in the S 100CL treatment could not supply sufficient Ca during early shell formation due to the lack of fine limestone supply in the diet and longer retention time of coarse limestone, thus delaying Ca availability. The S 100CL treatment also had significantly higher tibia Ca content compared to the C 100CL treatment. Whitehead (2004) reported that reduced egg production can lead to less depletion of bone reserves: When hens stop laying for longer periods, plasma estrogen concentra-tion is reduced and cortical and trabecular bone tissue can be renewed. Hens in treatment S 100CL reduced their laying % from 76 to 79 wk onwards concurrent with an increase of feather condition score 2, indicating these hens underwent natural molting and could renew their structural bone tissue more than the hens in the other treatments.
An investigation of the supplementation of different limestone ratios in a conventional feeding system (Lichovnikova, 2007) suggested that 70% of the supplemented Ca source should be in coarse form for better Ca utilization, thus leading to improved eggshell quality. This is not in agreement with our findings, as hens in the C 70CL treatment produced a higher % of cracked eggs compared to C 50CL or C 100CL. In contrast, the S 70CL treatment resulted in favorable performance: Fewer cracked eggs were found, a significantly higher laying % was observed, and FI was lower compared to the other split treatments. Based on these results, when split feeding is applied, a ratio of 30FL:70CL is recommended.
The main aim of this experiment was to evaluate if split feeding could improve egg quality of old, brown laying hens in an extended production cycle. The results of the eggshell quality assessment were contradictory. Egg quality in the split system was comparable with that in the conventional system until 81 wk, and at 76 to 79 wk, shell index was even higher in the split system. However, at 83 wk of age a significant reduction in shell thickness was observed in the split system while other shell quality parameters, such as deformation and dynamic stiffness did not confirm a possible lower shell quality at that age. In fact, at 83 wk of age, higher shell breaking strength was found in the split feeding system. As Rodriguez-Navarro et al. (2002) stated, not only shell thickness but also the microstructural properties contribute to the shell's mechanical properties. De Ketelaere et al. (2002) also found that shell thickness decreased as hens aged, without concomitant changes in shell strength. According to Roberts and Blackpool (1994) , laying hens can produce a structurally superior shell in case of limited Ca availability. The strength of an egg, therefore, depends not only on its shape and shell thickness, but also on the quality of its construction. A microscopic analysis of the eggshells' structure could have provided more information about our findings.
To conclude, our results indicate that the optimal ratio of fine and coarse limestone (FL and CL, respectively) in a conventional feeding system is 50FL:50CL or 0FL:100CL for old, brown laying hens. In a split feeding system, the optimal ratio appears to be 30FL:70CL. Split feeding did not result in significantly improved egg quality of hens as compared to conventional feeding. However, thinner-shelled eggs with a higher breaking strength produced at 83 wk of age could indicate that hens in the split feeding system might have been able to form a structurally superior shell compared to the conventional system.
One of the reasons that split feeding did not result in significantly improved shell quality could be that the afternoon diet was provided too late (10 h after lights on). In split feeding, precise estimation of the ovulationoviposition cycle of the hens is necessary to feed the Ca rich afternoon diet in time to be able to support the shelling process from its early phase on. Earlier provision of the afternoon diet might have helped to improve shell quality of hens in the split feeding system. In addition, instead of restricting limestone supplementation solely to the afternoon, feeding fine and coarse limestone at a different time of the d might also have been a better approach. Providing a minimum amount of dietary Ca in the morning in the form of fine limestone would offer immediately available Ca for hens finishing the shelling process a few h after lights on, whereas, coarse limestone could be used on its own in the afternoon diet to support shell formation during the night. Such further experiments are recommended to optimize split feeding and improve egg quality of brown, old laying hens in an extended production cycle.
